Introduction {#Sec1}
============

In recent years there was an enormous interest in complex magnetic nanostructures due to a wide variety of novel effects arising from their magnetic properties and the corresponding prospects for their applications for future spintronic memory, logic, and sensors^[@CR1]--[@CR3]^. In particular, significant efforts have been focused on studying statics and dynamics of domain walls (DWs) in ferromagnetic wires^[@CR4]--[@CR22]^ and thin films with perpendicular magnetic anisotropy^[@CR23]--[@CR27]^. In ferromagnet/heavy-metal multilayer systems, very high velocities have been observed for chiral DWs^[@CR24],[@CR28],[@CR29]^. Topology of the magnetic textures has been shown to play an essential role for the potential applications, leading to new ideas of employing compact topological spin textures -- skyrmions -- for the racetrack memory prototypes^[@CR30]^. This boosted various observations of skyrmions in multilayer materials, e.g. using a constriction in a trilayer system to create skyrmions at room temperatures^[@CR31]^ and demonstrate their current-driven dynamics^[@CR32]^. The observation of room-temperature magnetic skyrmions has been also established in ultrathin metallic ferromagnetic (FM) multilayers, such as Pt/Co/Ta and Pt/CoFeB/MgO^[@CR33]^, and the skyrmion Hall effect has been revealed by time-resolved X-ray microscopy^[@CR34]^.

More recently magnetic bilayer-skyrmions experiencing no skyrmion Hall effect have been predicted in antiferromagnetically coupled FM bilayers^[@CR35]^, similarly to real antiferromagnetic (AFM) systems^[@CR36],[@CR37]^. The absence of skyrmion Hall effect allows for better skyrmion motion control in future nanodevices, and antiferromagnetically coupled FM bilayer systems -- synthetic antiferromagnets (SAFs)^[@CR38],[@CR39]^ -- offer a particular advantage, since this effect is easier to observe in them and employ for spintronic applications. An antiferromagnetic interlayer exchange coupling occurs as a result of oscillatory RKKY interaction for a particular thickness of the intermediate layer between the two ferromagnets^[@CR40]^. Especially strong AFM coupling is reached in multilayers with the interlayer of Ru^[@CR41],[@CR42]^, which is also favorable for coupling the ferromagnetic layers with perpendicular magnetic anisotropy^[@CR43],[@CR44]^. SAFs were already demonstrated to have serious advantages for applications: high speeds of the DWs have been observed in them^[@CR43]^ and the magnetic microscopy has shown the topological stability of homochiral Néel DWs^[@CR45]^. As we show below, SAFs possess much richer diversity of magnetic topological defects, especially for materials with in-plane anisotropy, however this fact began to be explored experimentally only very recently. Earlier most of theoretical and experimental studies have been devoted to the films with the indirect ferromagnetic coupling^[@CR46]^, where e.g. asymmetric domain nucleation and unusual magnetization reversal has been observed in ultra-thin Co films with perpendicular anisotropy^[@CR47]^.

In this article we reveal the composite structure of magnetic domains in SAFs with in-plane anisotropy based on Co/Ru/Co films. We find that in this system both dual Néel (NDW) and transverse (TDW) domain walls are present and connected by dual topological defects -- bi-merons, which are pairs of coupled vortices or antivortices in the upper and lower layers of SAF, see Fig. [1(e--h)](#Fig1){ref-type="fig"}. Generally, merons are nontrivial topological objects with half of the topological charge of a skyrmion^[@CR48],[@CR49]^, and in the case of ferromagnetic films are magnetic vortices (with +1/2 topological charge) or antivortices (with −1/2 topological charge). However, in SAFs because of the presence of two ferromagnetic layers these objects are bi-merons, e.g. a pair of magnetic vortices (or antivortices). Furthermore, we show that under the influence of magnetic field the magnetization reversal processes in the SAF domains are determined by the dynamics of these composite DWs coupled in the two layers. The controllable transformations of the DW types we observe in the process of magnetization reversal are demonstrated to be governed by the motion and annihilation of magnetic bi-merons. Our experimental results are supported by both micromagnetic simulations and general topological arguments.Figure 1Domain wall building blocks: (**a**) Vortex, (**b**) Antivortex, (**c**) Transverse domain wall, (**d**) Néel domain wall. (**e**--**h**) Vortex (antivortex) pairs with polarities $\documentclass[12pt]{minimal}
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Results {#Sec2}
=======

Magnetization measurements {#Sec3}
--------------------------

To investigate the magnetic properties of Co/Ru/Co films with AFM exchange coupling we have measured the hysteresis loops by longitudinal magneto-optical Kerr effect with fields applied parallel to the plane of the film. The shape of the hysteresis loop at the first AFM maximum ($\documentclass[12pt]{minimal}
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The indirect exchange coupling constant between the Co layers coupled antiferromagnetically has been evaluated according to the expression^[@CR50]^:$$\documentclass[12pt]{minimal}
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Magnetic imaging {#Sec4}
----------------

Here we present the results for the Lorentz TEM and MFM studies of the magnetic film structure. Figure [2](#Fig2){ref-type="fig"} shows the image of the magnetic film structure of Co/Ru(0.9 nm)/Co in the magnetic fields from 0 to 0.8 kOe. Initially, the magnetic field of *H* = 10 kOe was applied perpendicular to the film (along *z* axis). At *H* = 0 the contrast of the magnetic structure is absent. As magnetic field increases, the contours of domain boundaries start to appear on the Lorentz TEM images (see Fig. [2(b)](#Fig2){ref-type="fig"}, $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.5$$\end{document}$ kOe, Fig. [2(c)](#Fig2){ref-type="fig"}, the domain boundaries are already clearly visible. They wind and form closed domains of different sizes. This indicates that the indirect exchange coupling suppresses the induced magnetic anisotropy.Figure 2(**a**--**d**) The Lorentz microscopy images of the domain structure for the films Co/Ru(0.9 nm)/Co are shown for the fields from 0 to 0.8 kOe. (**e**--**h**) The MFM images of the domain structure of a different part of the same film.

Let us next consider the specific features of the domain walls. For Co layers of 10 nm thickness we expect Néel type domain walls, with the magnetization reversal in the film plane. Figure [2(c)](#Fig2){ref-type="fig"} shows that the domain walls form two types of contrast: two neighboring walls (bright and dark lines very close together) and a single wall (bright or dark lines). The domain walls of different contrast are separated by light and dark dots, as well as the areas without any contrast, they are marked by the dashed circles in Fig. [2(c)](#Fig2){ref-type="fig"}. In field $\documentclass[12pt]{minimal}
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We conducted an additional study of the domain structure by MFM. The results are shown in Fig. [2(e--h)](#Fig2){ref-type="fig"}. In zero magnetic field, Fig. [2(e)](#Fig2){ref-type="fig"}, the contrast of the magnetic structure is completely absent. With the increase of the field to $\documentclass[12pt]{minimal}
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With increasing magnetic field up to $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.8$$\end{document}$ kOe position of the DWs is changed slightly. Figure [2(g,h)](#Fig2){ref-type="fig"} show that the contrast of the DWs changes from a bipolar (light and dark) to unipolar (dark or light). This indicates a change in the type of domain walls, e.g. from NDW to TDW. Moreover, it shows the presence of both NDWs and TDWs on these images (Fig. [3](#MOESM1){ref-type="media"} in the Supplementary Material provides more MFM images in the range from −0.8 to 0.8 kOe).

Topological domain walls {#Sec5}
------------------------

When the magnetic field is applied perpendicular to the SAF posessing in-plane anisotropy, it triggers the magnetization reversal. The reversal mechanism is through the nucleation and propagation of the labyrinth domains of favorable magnetization. In certain cases, these domains are formed as closed domains, then the boundary is a closed DW, which is the main subject of this work. Two types of DWs are formed at the boundary of the closed domain. In this domain, due to the presence of in-plane anisotropy there are two cases, corresponding to the directions along the in-plane anisotropy axis and perpendicular to it. In the direction along the in-plane anisotropy axis, the magnetization changes from head to tail (or vice versa) while passing the DW separating two domains, see e.g. Figure [3](#Fig3){ref-type="fig"} at 0.5 kOe field, and therefore a transverse DW is formed. In the perpendicular direction, the magnetization changes from "up" to "down" (along the DW normal) while passing the DW separating two domains, and therefore a Néel DW is formed. Thus, at the boundary of a closed domain there are always two types of DWs, transverse and Néel.Figure 3Simulations: The domain structure of Co/Ru(0.9 nm)/Co film. From top to bottom: top-layer and bottom-layer magnetization structures, simulated using MALTS Lorentz microscopy image^[@CR55]^ for the corresponding Co/Ru(0.9 nm)/Co magnetization structure, simulated MFM image in MuMax3.

For the proper decoding of the domain structure and the type of domain boundaries we perform micromagnetic simulations using the software package MuMax3^[@CR51]^. The simulation results are presented in Fig. [3](#Fig3){ref-type="fig"}. In demagnetized state at $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0$$\end{document}$ a disordered array of bi-vortices and bi-antivortices is formed in the sample. The magnetization in the adjacent layers is antiparallel to each other. In spite of the fact that the film has induced magnetic anisotropy, the AFM interlayer coupling strongly diminishes its influence so that the magnetization distribution in AFM coupled bilayers becomes isotropic. The configuration of DWs shows the existence of this isotropy.

With increasing magnetic field starting from $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.5$$\end{document}$ kOe in Fig. [3](#Fig3){ref-type="fig"} it is represented by a closed domain formed by different types of DWs. In the process of domain formation some of the bi-vortices and bi-antivortices annihilate, and the remaining ones belong to the formed DWs.

One can see that the magnetization in the domains is at a small angle relative to the *y* axis. The DWs, which are parallel to the magnetization, are the NDWs. The polarity of the NDWs in adjacent layers is different. The domain walls oriented perpendicular to the magnetization are the TDWs. The magnetization in the TDWs in adjacent layers is antiparallel to each other. Because on the MFM simulated images can be seen that Néel DWs correspond to a bipolar contrast (light--dark), a transverse DWs generate only unipolar (dark or light) contrast. In this case, TDWs appear as dark bands. From the Lorentz imaging it is difficult to make an unambiguous conclusion about the DW type. On the Lorentz microscopy images in the field of 0.5 kOe, a NDW corresponds to unipolar contrast and TWD to a bipolar contrast, both of them are indicated in Fig. [2(c)](#Fig2){ref-type="fig"}.

The contrast of the NDWs on the MFM and Lorenz microscopy images was calculated based on configurations of magnetic moments in both upper and lower layers. When the MFM contrast was calculated, the magnetostatic interaction between the magnetic probe and the sample was taken into account, which is larger for the upper layer. On the other hand, when the Lorenz image contrast was calculated, the interaction of the electron beam with magnetization in both layers was taken into account. Since in the absence of magnetic field in an ideal system the magnetization is antiparallel in the layers, the deflection of the beam in the layers is fully compensated. With the increase of the magnetic field, this compensation fails and decompensation increases due to the breakdown of the symmetric configuration of magnetization in the layers, and as a result the contrast from the DWs is formed, see Fig. [3](#Fig3){ref-type="fig"} for 0.5 kOe field.

The DWs of different contrast are connected by a bi-vortex (V) or bi-antivortex (AV)^[@CR52]^. Figure [1](#Fig1){ref-type="fig"} shows the structure of such bi-vortices and bi-antivortices, which connect NDW and TDW in the film. The analysis of our micromagnetic simulations shows that the bi-vortices can have the same or opposite polarities, *V*~P~ or *V*~AP~, respectively. Meanwhile, the bi-antivortices always have the opposite polarities in the upper and lower layers. The orientation of the magnetic moments in the adjacent layers of both bi-vortex and bi-antivortex is antiparallel.

Bi-vortex and bi-antivortex form different contrasts on the MFM and Lorenz images. It follows from the simulated images of Lorentz microscopy (see Fig. [3](#Fig3){ref-type="fig"}) that the vortices of different chirality can be seen as the adjacent bright and dark dots on the DW, whereas antivortices show no contrast. They are shown by the dashed circles in Fig. [3](#Fig3){ref-type="fig"}. On experimental images these peculiarities can be seen in Fig. [4c](#Fig4){ref-type="fig"}. On the MFM images (simulated in Fig. [3](#Fig3){ref-type="fig"} and experimental in Fig. [5b](#Fig5){ref-type="fig"}), the vortex is seen as an area with alternating contrast from dark to light, whereas the antivortex is seen as a narrow area of the same contrast (dark or light) passing across the wall. Bi-antivortices are always formed between Néel and transverse DWs.Figure 4(**a**--**d**) Lorentz images of domain structure at different magnetic fields. (**e**) Average distance *S* between the vortices in parallel and antiparallel configurations (both experimental data and simulations). The distance is normalized by the average experimental distance at $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.7$$\end{document}$ kOe for the AP configuration.Figure 5MFM images of domain structure of the Co/Ru(0.9 nm)/Co film, obtained in fields directed in the plane of, (**a**--**c**) corresponds to the fields $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.6$$\end{document}$, 0.7, and 0.75 kOe; experimental and simulated profiles of Néel domain wall (**d**) and transverse DW (**e**). (**f**) The simulated DW width (*w*) and experimental DW profile width ($\documentclass[12pt]{minimal}
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Figure [5](#Fig5){ref-type="fig"} shows the high-resolution images of MFM closed domain. The scanning is performed in a magnetic field pointing along *x* axis. One can see that in field $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.6$$\end{document}$ kOe the domain walls are of two types: Néel domain walls (NDW) and transverse DWs (TDW). TDW is formed at the bottom of the domain, and it corresponds to a dark contrast. In $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H=0.7$$\end{document}$ kOe, the TDW is formed in the upper part of the domain, then it extends to the middle of NDW. The domain walls are separated by an antivortex. At fields above $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.75$$\end{document}$ kOe in most of the domains we observe by MFM only unipolar contrast, which indicates that all topological defects, such as vortices and antivortices, annihilate in high fields.

The upper panels of Fig. [5(d,e)](#Fig5){ref-type="fig"} show the profiles of the magnetostatic fields created by Néel and transverse DWs, respectively. These profiles are determined from the MFM images in Fig. [5(a,b)](#Fig5){ref-type="fig"}. The lower panels show the micromagnetically simulated profiles of the perpendicular component of the magnetization $\documentclass[12pt]{minimal}
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                \begin{document}$${M}_{z}/{M}_{s}$$\end{document}$ in the DWs in the top (red curve) and bottom (black curve) magnetic layers. From these simulations it can be seen that the contrast of the DWs in the MFM image is determined by the distribution of *M*~*z*~ components of the magnetization in the domain wall. By measuring the width of the DW profiles, $\documentclass[12pt]{minimal}
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                \begin{document}$${M}_{x}/{M}_{s}$$\end{document}$ for transverse DW, from which we determined *w* as the corresponding full width at half maximum. We find that as *H* increases *w* is reduced. This is due to the fact that with increasing *H*, the magnetization in the domains orients along the field, see the configurations of the magnetization at different fields in Fig. [3](#Fig3){ref-type="fig"}. Note that $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}$$\end{document}$*δ* obtained from the MFM images is 565 nm, whereas *w* determined from the simulations is 390 nm. The reason for this discrepancy is the fact that the MFM determines the profile of magnetostatic field, whereas the modeling determines the actual DW width.

Dynamics of bi-merons {#Sec6}
---------------------

Next we study the behavior of the bi-vortices/antivortices in increasing magnetic field. Figure [4(a--d)](#Fig4){ref-type="fig"} show the Lorentz images of the domain structure at different fields. In the absence of magnetic field, the domain structure contrast is not present, see for details Fig. [2](#MOESM1){ref-type="media"} of the Supplementary Material. In $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.3$$\end{document}$ kOe, the domain boundaries appear of dark and light contrast, which are separated by bi-vortices and bi-antivortices. With the increase of the field up to $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.6$$\end{document}$ kOe the contrast from vortices becomes sharp. One can see that the vortices of different chiralities branch off. At $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.7$$\end{document}$ kOe, the bi-vortices begin to move along the DW and annihilate with bi-antivortices. This process goes though the formation and consecutive annihilation of a composite bi-skyrmion formed by a pair of bi-vortex and bi-antivortex of opposite polarizations^[@CR49]^, such that in each SAF's layer their fractional topological charges 1/2 add up to the full skyrmion charge 1. This annihilation changes the type of DWs, their polarity and the domain shape. At $\documentclass[12pt]{minimal}
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                \begin{document}$$H=1$$\end{document}$ kOe the DWs completely disappear. These processes are clearly confirmed by our micromagnetic simulations presented in Supplementary Movies [1](#MOESM2){ref-type="media"}--[6](#MOESM7){ref-type="media"}.

We have also analyzed the distance *S* on which the bi-vortices of different chirality move as a function of magnetic field. Two groups of bi-vortices have been identified that shift differently. In both cases, the maximum displacement is achieved in field $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.7$$\end{document}$ kOe, for the first group it is $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{{\rm{AP}}}=268\pm 30$$\end{document}$ nm and for the second $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{{\rm{P}}}=116\pm 30$$\end{document}$ nm. A further increase in the field leads already to the motion of the DWs and finally their annihilation.

The analysis of our simulations shows that the cores of the bi-vortices in the DWs move with respect to each other with increasing field. The bi-vortices (and bi-antivortices) move along the DWs with rather high velocity, so the dynamics cannot be observed in our experiments, but we have been able to reproduce them in micromagnetic simulations. Our simulation results indicate that the maximum displacement occurs for bi-vortices of opposite polarities (the antiparallel direction of *M*~*z*~ components, *V*~AP~), and the minimum occurs for bi-vortices with the same polarity (*V*~P~), see Fig. [4(e)](#Fig4){ref-type="fig"}. This is associated with the dipolar interaction of vortex cores at separations larger than the core size, which is greater for the bi-vortices with the same polarity^[@CR53],[@CR54]^.

To compare the results of measurements and calculations of *S*, we have conducted a valuation of the experimental data at the maximum $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{{\rm{AP}}}^{0.7}=268\pm 30$$\end{document}$ nm and the corresponding simulated value $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{{\rm{AP}}}^{sim}=28.3$$\end{document}$ nm. The results are shown in Fig. [4(e)](#Fig4){ref-type="fig"}. One can see that the displacement of the bi-vortices in both cases increases linearly with the field up to ≈0.7 kOe. In the fields above $\documentclass[12pt]{minimal}
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                \begin{document}$$H=0.7$$\end{document}$ kOe, the distance between the bi-vortices increases rapidly because the magnetostatic interactions are negligible.

Conclusions {#Sec7}
===========

We have investigated both experimentally and by means of micromagnetic simulations polycrystalline Co/Ru/Co trilayers with antiferromagnetic interlayer coupling. We have demonstrated that in these SAF films closed domains are bounded by complex topological spin textures. These domains possess two types of boundaries: dual Néel and transverse DWs, which are coupled by either bi-vortices or bi-antivortices as their connecting elements (Fig. [1](#Fig1){ref-type="fig"}). By increasing magnetic field we have observed the evolution of these spin textures, which has been shown to be governed by the motion of topological defects (magnetic bi-merons) along the domain walls.

Our finding of novel combinations of topological domain walls in synthetic AFM structures points to a new route of exploring topologically protected and compact spin textures. We have demonstrated that these DWs may be controllably manipulated by magnetic fields and potentially driven by electric or spin currents. Additional advantage offered by these structures in SAFs is that the dipolar interactions of the two ferromagnetic layers nearly cancel each other leading to significantly reduced parasitic effect of stray fields. This study offers the perspective on new types of experiments and nanodevices, where one can move bits of information associated with the DWs of different type and polarity of vortices (antivortices) in a precise and controllable fashion in synthetic antiferromagnets.

Methods {#Sec8}
=======

Experimental Procedure {#Sec9}
----------------------

The films of Co/Ru/Co were prepared by magnetron sputtering with direct current in the working gas atmosphere of Ar ($\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{{\rm{Ar}}}=4\times {10}^{-3}$$\end{document}$ Torr). The base pressure in the chamber was 10^−9^ Torr. The films were deposited at room temperature. Prior to the deposition on the substrate of naturally oxidized silicon Si/SiO~2~ with the size of 5 × 5 mm^2^ we sputtered Ta buffer layer of 5 nm thickness. The deposition rate of Co and Ru was 0.45 and 0.3 Å/s, respectively. In this work we explored the Co/Ru/Co film with the Co thicknesses $\documentclass[12pt]{minimal}
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                \begin{document}$${t}_{{\rm{Ru}}}=0.9$$\end{document}$ nm, which corresponds to the first antiferromagnetic maximum.

Magnetization Measurements and Imaging {#Sec10}
--------------------------------------

The magnetic properties of the films were investigated by the longitudinal magneto-optical Kerr effect, the magnetic structure was studied by the MFM and Lorentz microscopy at room temperature. For the electron microscopy studies, we deposited the films on the standard Formvar film on Grids in a single cycle with the samples on the substrate of Si/SiO~2~.

Micromagnetic Simulations {#Sec11}
-------------------------

Micromagnetic simulations were performed using MuMax3 program^[@CR51]^. For the simulations we used the following parameters: $\documentclass[12pt]{minimal}
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                \begin{document}$$A=3\times {10}^{-6}$$\end{document}$ erg/cm, uniaxial anisotropy $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{u}=5\times {10}^{4}$$\end{document}$ erg/cm^3^ (the value of *K*~*u*~ was determined experimentally for the single layer Co films for the thickness of 10 nm), and $\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{{\rm{in}}}=-\,1.4$$\end{document}$ erg/cm^2^. The size of the elementary cells of the Co layers was taken 4 × 4 × 10 nm^3^. The Co layers were AFM coupled via Ru layer, which was modeled by the indirect AFM coupling with the constant *J*~in~. We simulated film of area 4 × 4 *μ*m^2^ with periodic boundary conditions. To compare the results of our experiment with the simulations, we used calculated spin configurations to simulate images of MFM^[@CR51]^ and Lorentz microscopy^[@CR55]^.
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